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SUMMARY

A theoretical and experimental investigation has
been conducted of the pressure distribution on the
surface of either a circular cylinder or a truncated
cone located within the base region of another circular
cylinder at Mach number 2. A similar analysis
of pressure distribution was made for rearward-
facing two-dimensional steps, and theoretical results
were compared with erperimental results of earlier
investigations.  Theoretical base-pressure ratios of
two-dimensional steps agreed well with experimental
results; however, as a result of the simplifying as-
sumptions made for arisymmetric configurations,
only a range of values for theoretical base-pressure
ratio could be calculated within which the experi-
mental results were expected to occur. The data
generally followed the trends predicted by the theory,
and deviations apparently could be explained.

The location of the start of the pressure rise on the
surface downstream of either a two- or three-
dimensional step and the magnitude of the pressure
rise could be predicted fairly well with the theory.
The shape of the predicted pressure-rise curve agreed
more closely with experiment for the smaller step
sizes. In all cases the distance required to complete
the pressure rise was greater than theory. The
effects of base bleed on buse-pressure ratio of arisym-
metric configurations were also ealeulated and agreed
well with experimental results at low bleed flow rates.

INTRODUCTION

Details of the flow in the base region of two-
diniensional and axisymmetric backward-facing
steps are of interest but have proved difficult to
determine analytically. The need for a satisfactory
method of analyzing this type of flow (in particular
to determine its pressure distribution) is evident

in current studies of the flow in the base region
of a missile (to determine gimbal moments, drag,
heating, ete.) and of the flow between stages of a
missile as the stages separate. General analyses
that have contributed much to an understanding
of this flow problem are those such as references
1and 2. Both studies were concerned chiefly with
two-dimensional flows. Tn reference 1 the theo-
retical calculation of base pressure of a two-
dimensional step agreed well with experiment. In
reference 3, Chapman presented some anulysis of
the base flow for axisymmetrie bodies but did not
develop the analysis to the extent thatbase pressure
could be caleulated.

The present study combines and extends the
analyses of references 1 to 3 in an attempt to
calculate the base pressure of an axisymmetric
configuration and the pressure distribution on the
surface downstream of cither a two-dimensional
or an axisymmetric step. Fffects of base bleed
with axisymmetric configurations were also
studied. Experimental data obtained in the
Lewis 8- by 6-foot supersonic tunnel with axisym-
metric configurations were used as a guide in the
analysis and also were used to determine the
accuracy of the theoretical calculations. Earlier
published data were used to verify the two-
dimensional caleulations.

ANALYTICAL FLOW MODEL

A flow model for use in theoretical analysis of
two-dimensional flow over a backward-facing
step has been described in references 1 and 2,
and a corresponding model for axisymmetric
flow has been partially deseribed in reference 3.
The model for axisymmetric flow used in the
present analysis was based on these earlier models
and is llustrated in figure 1,
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Three main regions are considered,  Upstream
of the base (region 1) the flow is determined by
the body shape and the free-stream Mach number,
and details can be obtained from characteristic
solutions and the boundary-layer equations. Tn
region 2, between the waves emanating from the
step edge and those associated with the trailing
shock, the flow is governed by the pressure in
the dead-air region (subregion a). Tn the mixing
zone (subregion b), velocities are governed by
whether the mixing is turbulent or laminar and
by the size and shape of the initial boundary
layer (sce refs. 4 and 5).

From continuily considerations, all flow [rom
region 1 plus any bleed flow must pass down-
stream through the trailing shock.  There will
exist, then, within subregion b a streamline, the
limiting streamline, which divides the flow that
ultimately passes downstream from that which
recirculates.  The mass flux between the limiting
streamline and the innermost streamline of the
flow [rom region 1, the free streamline, is equal
{o the base-bleed flow rate. The maximum pres-
sure Tise that can be sustained by the flow along
the limiting streamline determines the possible
strength of the trailing shock and henee is a factor
in determining hase pressure.

Tn subregion ¢ of region 2 the flow can be
determined by a characteristic solution. In
region 3, downstream of the trailing shock, con-
ditions are determined by the shape of the test
body and by conditions in region 2. The nature
of the flow at the base of the trailing shock is of
‘importance, since the pressure rise in this region

Flow model.

is the second factor that determines base pressure
(i.e., base pressure is equal to region 3 pressure
divided by the allowable pressure rise of the limit-
ing streamline), and it also determines the local
pressure distribution.

Several complications arise that make the
preceding caleulations very difficult.  One such
complication ocecurs in determining the flow in
subregion ¢ for a given base-pressure ratio. For
axisymnietric configurations a characteristic net
must be determined for the entire region, since
the streamlines are curved. Tn addition; the
waves that emanate from the step edge interact
with the boundary layer, producing sccondary
waves in subregion ¢ (sce ref. 6) for either two- or
three-dimensional configurations.  Charaeteristic
solutions of these types are fairly long and tedious.

The velocity profile across the mixing region
upstream of the trailing shock is also difficult to
obtain; vet it is needed to determine the allowable
pressure rise of the limiting streamline.  This
profile is affected by the following: the properties
of the initial boundary layer, the waves emanating
from the step edge, the distance through the mix-
ing zone from the step edge to the point in ques-
tion, the nature of the mixing process (laminar
or turbulent), and local effects of shear near the
trailing shock caused by the reversed flow and the
test-body surface.

Another complication is encountered in deter-
mining the trailing-shock pressure rise and the
shape of the rise curve. Near the test body a
compression fan exists. In order to determine
the structure of this fan, and hence the pressure-
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rise curve, it would be necessary to know the
details of the approaching flow in subregions b
and ¢ plus details of the reversed flow and their
interactions.  Such a ealeulation would be very
difficult. At some distance from the test body
the waves of this fan would coalesce into a single
shock wave. With two-dimensional configura-
tions, this wave would also be two-dimensional;
however, with axisymmetrie configurations an
additional complication arises in that the strength
of this shock would vary with distance from the
test body beeause of the three-dimensionality of
the flow. Close to the test-body surface it would
be approximately two-dimensional in character,
and at sufficiently large distances it would be
nearly conical. Thus, an additional characteristic
solution would be required.

Obviously, many simplifications are needed to
make the problem amenable to solution. Those
used in the present study are as follows:

(1) The flow in region 1 was uniform, and the
presence of an initial boundary lnyer was neglected.
This assumption is needed to simplify steps (2)
and (3) below.

(2) For axisymmetric configurations the non-
mixing flow properties in subregion ¢ of the free
streamline were determined from the character-
istic solutions of reference 7, assuming the presence
of the test body had no effect on these properties
upstream of the intersection of the free stream-
line and the test body. Tt was further assumed
that flow direction along all other streamlines in
subregion ¢ just uhead of the trailing shock was uni-
formly equal to that for the free streamline.  Tor
two-dimensional steps a simple Prandd-Meyer
expansion to base pressure was used, and all
streamlines in subregion ¢ were straight and
parallel.,

(3) The velocity profile of the mixing zone was
fully developed ahead of the trailing shock, and
the mixing process was either turbulent or lamninar.
The results of referenece 8 for turbulent mixing
and of reference 5 for Iaminar mixing, which were
derived for two-dimensional flow, were used with-
out correction for three-dimensional effects.  All
effects of the reversed flow and the test-body sur-
face on the velocity profile ahead of the trailing
shock were neglected.  This mixing profile was
superimposed upon the characteristic flow dis-
cussed ecarlier so that the jet boundary stream-

line (in the nomenclature of ref. 1) coincided with
the free streamline.

(4) Each streamline inside the limiting stream-
line stagnated isentropically at the test-body sur-
fuce before flowing back upstream; those outside
the limiting streamline passed downstream through
the trailing shock. This process was assumed to
oceur along cach streamline without effect on
adjacent streamlines.  The resulting pressure rise
was thus dependent on the shape of the velocity
profile and its orientation with respect to the
test-body surface.

(5) The presence of a compression fan was
neglected, and the trailing shock was a single wave
originating from the intersection of the test-body
surface and the limiting streamline. For two-
dimensional configurations this wave was also
two-dimensional and turned the flow parallel to
the surface downstream of the step.  For axisym-
metric configurations two calculations were made.
Tn one it was assumed that the trailing shoek was
a plane wave that turned the flow parallel to the
test-body surface. Tn the other it was assumed
that it was a conical wave produced by a hypo-
thetical cone with a half-angle equal to the differ-
ence in approaching flow direction and test-body
surface direction. These waves were assumed
because the actual trailing-shock strength is
probably somewhere between these two assump-
tions, and because these shock-wave properties
are well-known and widely tabulated.

Theoretical caleulations to determine the cffect
of base bleed were based on the analysis of refer-
ence 1 but are here applied to axisymmetric flows.,
The essential feature that distinguishes base-bleed
alculations from the no-bleed case 1s that the
limiting streamline no longer coincides with the
free streamline.  As in reference 1 it was assumed
that the axial momentum of the bleed flow was
negligible,

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental data for the axisymmetric
configurations of the present study were obtained
in the Lewis 8- by 6-foot supersonic tunnel at a
free-stream Mach number of 1.98.  The schematic
sketeh of figure 2(a) shows the installation in the
tunnel. Two struts supported the cone-cylinder
combination, which will be referred to as the basic
body; and located in its base region were a variety
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Ficrre 2.-—Model geometry.

TABLE 1. -AXTSYMMETRIC COXNFIGURATIONS
[M,, 1.98; boundary-layer-thickness ratio, 8/d, 0.125.]

Radius Cone hauf-
ratio, angie, r,
riR deg
Cylindors
0.875 | _-.____.
.75 .
.5

25 | ..

Cones

0.475 15
.3t 15
. 125 15
LTS 25
425 25
122 25

of cylinders and truncated cones referred to as test
bodies.  Although these configurations were used
in a general study of base flow, the models were
representative of geometries that can Dbe en-

countered in missile designs where the rocket
motor extends downstream of the base, and also
encountered as missile stages separate.  Sketches
of the test bodies appear in figure 2(b) as an aid in
defining symbols for geometric parameters, and a
list of the values of these parameters is presented
in table I. A list of symbols and their definitions
appears in appendix A, Four cylinder sizes and
two cone angles were sclected.  The cones (which
were mounted to the basie body by means of
screw jack) were translated with respect to the
base of the basic body so as to vary the radius
ratio 7/12.  Tn all cases the base region between
the basie body and the test body was open to the
interior of the basic body.

The test bodies were instrumented with a row
of statie-pressure orifices along one or two clements
to determine the pressure distribution in the region
of the trailing shock. Statie-pressure orifices
located in the interior of the basic body just up-
stream of the plane of the base were used to deter-
mine base pressure.  With cach test body, data
were obtained over a range of base bleed flows.
Air for base bleed was supplied from a source
external to the tunnel and ducted into the model
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TABLE II.—TWO-DIMENSIONAT CONFIGURA-

TIOXNS
Test Mach Step Boundary-
number, M, | angle, r, |layer-thickness | Referenee
deg ratio, §/h

1.7 0 0 2
2.0 0 | L 2
2.3 0 0. 125 15
2. 48 0 . 100 16
1. 86 7 .23 16
1. 86 12 .23 16
1. 86 16} .23 16

through the support struts. Orifice plates were
used to determine this flow rate.

Experimental data from other literature for two-
dimensional steps were also used in the present
analysis. A sketch of this type of configuration
is also shown in figure 2(b) to define symbols, and
a list of the model geometrical parameters and the
appropriate references appears in table T1.

RESULTS AND ANALYSIS
TWO-DIMENSIONAL CONFIGURATIONS

For two-dimensional configurations, step height
is of significance only in that its size relative to
initial boundary-layer thickness is a factor in de-
termining whether sufficient distance exists be-
{ween the step edge and the trailing shock to per-
mit fully developed mixing. The boundary-layer-
thickness ratio for the data used in the present
study is tabulated in table TT.

Experimental  and  theoretical  base-pressure
ratios for several two-dimensional-step configura-
tions are presented in figure 3. Figure 3(a) shows
the effect of approach Mach number on the base-
pressure Tatio with zero step angle. (“Step
angle” refers to the angularity of the surlace
downstream of the step as illustrated in figure
2(b).) Theoretical calculations based on  the
analyses of references 1 and 2 were made for both
laminar and turbulent mixing, and details are
deseribed in appendix B. - At Muach 2.0 the experi-
mental base-pressure ratio with turbulent mixing

T
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was in excellent agreement with turbulent theory,
but with laminar mixing the ratio was higher than
laminar theory. With an initial boundary layer
it 1s known that the distance from the beginning
of mixing to the point where a fully developed pro-
file is achieved is greater for laminar than for
turbulent mixing. Reference 1 has shown that
the effect of a profile that is not fully developed is
to increase the base pressure. In  addition,
reference 2 has shown that with negligible mitial
boundary layer the laminar theory and data are
in good agreement. Therefore, it appears that
the diserepancy between laminar theory and data
in the present analysis existed beeause the distance
from the step edge to the trailing shock was so
short that the mixing profile was not fully de-
veloped.  To obtain a more accurate theoretical
calculation, the laminar mixing equations must be
solved for the particular flow conditions of the
individual problem as indicated in reference 5.
Transitional mixing is that in which transition
from laminar to turbulent mixing occurred be-
tween the step edge and the reattachment point.
As expected, the transitional mixing data were
between the laminar and the turbulent data.
Their location in this range would depend on the
location of the transition point with respect to the
step edge and the trailing shock.

Reasons that may explain the differences be-
tween experiment and theory at other Mach
numbers are as follows: At Muach 1.7 the mixing
was known to be transitional, and hence the data
would be expected to be higher than turbulent
theory, as shown in the figure. At Mach 2.3 the
mitial boundary layer was turbulent, but a re-
fleeted shock wave crossed the wake region of the
step and probably caused the discrepaney that is
shown. At Mach 2.48 the initial boundary layer
was laminar, but the nature of the mixing was not
determined.  Since the data point was a little
higher than turbulent theory as at Mach 1.7, it is
quite likely that the mixing again was transitional.

The effect of varying step angle at constant
initial Mach number is shown in figure 3(b).
For these data the initial boundary layer was
turbulent and therefore the data are compared
only with turbulent theory. There was excellent
agreement between experiment and theory at step
angles less than 12°) but theory was higher at
larger angles. Tt is possible that this discrepancy
was caused by boundary-layer separation ahead of

566131—61—2

the step, since base pressure had increased above
Dy

Other data exist for which the flow properties
were more nearly like those of the flow model
(such as in ref. 1), and the agreement between
theoretical and experimental base-pressure ratios
was better than shown here; but the data dis-
cussed previously are of more interest for the
present analysis, because pressure distributions
downstream of the base were also reported.  These
pressure distributions are compared with theory
for zero step angle m figures 4(a) to (d) and for
varying step angle in figures 4(e) to (g). The
theoretical pressure distributions were determined
for the experimental values of base-pressure ratio
(details appear in appendix (). By so doing, the
accuracy of the portion of the flow model in the
region of this pressure rise could be tested without
the influence of possible discrepancies between the
theoretical and actual flow in other regions.  How-
ever, it should be noted that, if the expertmental
base pressure is nol known in advance aud the
pressure distribution is computed using the theo-
retical base pressure, then differences between the
theoretical and cexperimental base pressure will
affect the acecuracy of the pressure-distribution
caleulation.

With transitional mixing at Mach 1.7 (fig. 4(a})
the experimental distribution agreed fairly well
with turbulent theory. As might be expected,
the abrupt changes in pressure distribution’ pre-
dicted by the theory were more gradual in the
real flow. - At Mach 2 (fig. 4(b)) data for turbu-
lent, laminar, and transitional mixing are pre-
sented for comparison with turbulent and Iaminar
theory. The turbulent data agree very well with
theory, and the laminar data agree well at the
beginning and at the end of the pressure rise.
The actual rise in the latter ease is much more
gradual than theory, suggesting again that the
mixing profile was not [ully developed. As ex-
pected, the transitional rise curve was between
the laminar and turbulent curves. The agree-
ment was poor at Mach 2.3 (fig. 4(¢)), but this
probably was due to the interference of the re-
flected shock wave. With a laminar initial
boundary layer at Mach 248 (fig. 4(d)), the
data were much closer to turbulent than to lam-
inar theory, again indicating that mixing was
transitional.  With nonzero step angles (figs. 4(e)
to (g)), the theoretical pressure rises were located
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-
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farther downstream than the experimental rise,
but the magnitude of the rise was in good agree-
ment,  In general, the shapes of these pressure-
rise curves differed more from theory than did
those for the zero step angle.

AXISYMMETRIC CONFIGURATIONS

Boundary-layer survey.—The flow just up-
stream of the base of the axisymmetric configura-
tions was surveyed by means of Pitot rakes located
in the plane of the struts and normal to it.  The
results, presented in figure 5(a), show a boundary-
layer-thickness ratio §/d of 0.125. The cause for
the discontinuity near the model surface in the
profile of the rake normal to the struts is not
known, but it could be a result of faulty instru-
mentation or a shock-wave impingement.  Static
pressures were measured on the model surface near
the base of ecach rake and, as indicated in the
figure, show negligible variztion in circumferential
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distribution. Local Mach numbers just outside 3.2 T
urbulent
theory

the body boundary lz;ym' were computed from the
ratio of model surface static pressure to the Pitot
pressure. Results shown in the figure indicate a
substantial wake behind the struts. IHowever,
this wake probably existed over a relatively small
portion of the body ecircumference, and its presence
was neglected in the caleulations.

Assuming uniform static pressure along the
length of the Pitot rake, these data were used to
compute the velocity-ratio profiles presented in
ficure 5(b). Also shown are theoretical profiles
for a flat plate with the same length as the basie
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body and for both laminar and turbulent flow.
The boundary-layer thicknesses were ealeulated 1.2
from the following equations of references 9 and 10: :
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solution, and the turbulent profile from the equa-
tion wufue=(y/8)"". The boundary layer was
clearly turbulent, and hence the theoretical
analyses that follow were made for turbulent
mixing.

Cylindrical test bodies.-Schlieren photographs
of the flow with cylindrical test bodies are pre-
sented in figure 6. The various flow regions con-
sidered in the section ANALYTICAL FLOW
MODEL are discernible.  The fact that some of
the test bodies did not extend all the way upstream
to the planc of the base of the basic body (see
figs. 6(c¢) and (d)) did not affect the data, because
they did extend upstream of the trailing-shock
pressure rise.

The experimental and theoretical effeets of the
size of the cylindrical test bodies on base-pressure
ratio are shown in figure 7. Data from several
sources are presented, and all showed a similar
trend as radius ratio varied; deereasing the ratio
from 1 to zero first caused a rapid decrease in
base-pressure ratio, then a gradual increase,
and finally a slight or negligible increase.  The
unpublished-data point was obtained with the

Surface - pressure ratio, 4,45,

> 3 4 5 6
Distance ratio, x/h

(g) Sicp angle, r, 16%°; Mach pumber, 1.86; turbulent
mixing.

Two-dimensional-step pressure distribution.
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same support struts and in the same part of the
tunncel test section (the supersonic section) as the
present study and agreed closely with the present
data.

There was a good deal of scatter in these data,
and possible reasons for this scatier are as follows:

The data of reference 11 were obtained with
different struts in the transonie portion of the test
seetion and indicate a lower base-pressure ratio
than the present study. This decrease may have
been due to a changed strut effect andjor to a
change in tunnel flow properties, since the flow
upstream of the base was more uniform in the
supersonic than in the transonie section.

The results of reference 3 were obtained in free
flight with zero radius ratio and in a different
fucility using a sting support rather than struts
with other radius ratios. These data also showed
generally lower base pressures than the present
study. Several factors may have contributed to
this difference. The model of reference 3 was con-
structed of a single picce of metal, whereas the
present model was constructed of several jointed
pieces and also included ducting to allow a base-
bleed study. In this latter case there is a pos-
sibility that air leaks existed that caused inadvert-
ent base bleed.  As has been shown (e.g., ref. 1),

Boundary-layer survey.

Mach number, 1,98,

small amounts of hase bleed produce relatively
large increases in base pressure. If present, it
impaired the usefulness of the base-pressure-ratio
data butl not that of the pressure-distribution data.
Another factor contributing to this difference may
have been differences in the initial boundary layer.
Tt probably was thinner in reference 3 than for the
present study, since the effeet of a lower Reynolds
number was more than offset by the shorter length
of the basic body. (Values of these parameters
arc indieated on the figure.) With the thinner
boundary layer, the mixing profile may have been
closer to being fully developed ahead of the trailing
shock, and lower base pressures would result.
A third factor contribuling to this difference may
be that a strut effect was nonexistent for most
of the data from reference 3. Thus, the base-
pressure data of reference 3 probably are more
significant than those of the present fest.

The theoretical curves are shown in figure 7 for
the two cases of a plane and of a conical trailing
shock wave. Details of these caleulations are dis-
cussed in appendix B.  Tn its simplified form, the
theory can only be used to predict a range of base-
pressure ratio for values of radius ratio greater
than 0.2 within which the experimental base-
pressure ratios may be expected to occur.
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(a) Radius ratio, r/R, 0.875.
(¢) Radius ratio, r/R, 0.5.
Frarre 6.

A comparison of the experimental and theorel-
ical base-pressure ratio of figure 7 can be better
understood by simultaneously analyzing the static-
pressure distributions on the test-body surfaces.
The experimental and theoretical distributions of
the present test are presented in figure 8. The
theoretical ealculations are presented in appendix
C'in detail and, as for the two-dimensional configu-
rations, were made for the experimental value of
base-pressure ratio. These data show that, at

Schlieren photographs of flow with eylindrical test bodies.

(b) Radiux ratio, 7/ R, 0.75.
(d) Radius ratio, »/R, 0.25.
Mach number, 1.98.

radius ratio 0.875 (fig. 8(a)), the trailing-shock
pressure rise was very close to the plane-shock
value; at radius ratio 0.75 (fig. 8(b)), it was mid-
way between that of the plane and the conical
shocks; and, at radius ratio 0.5 (fig. 8(¢)), it was
equal to the conical-shock value.  Thus, the trail-
ing shock was cffectively a plane wave at large
values of radius ratio and weakened, approaching
conical-shock strength, as radius ratio decrecased.
It would be expected, then, that the experimental
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base-pressure ratios of figure 7 would cross over the
predicted range from the plane shock toward the
conical-shock value as radius ratio decreased.
The data between radius ratios of about 0.9 and 0.4
clearly showed this trend, particularly for the data
of reference 3. At radius ratio greater than about
0.9, the data deviated markedly from this trend
because of the effect of the initial boundary layer;
that is, the mixing length was insuflicient to allow
a [ully developed profile.

For axisymmetric configurations such that the
base-pressure ratio is less than 1.0, the free stream-
line curves toward the flow axis. Since there is a
limit to the strength of the trailing shock, the free
streamline would not intersect the test-body sur-
face if the required flow deflection exceeded this
limit. Thus, it is possible that a minimum cffec-
tive radius ratio exists and that base pressure is
independent of test-body geometric radius ratio for
values less than this minimum.  Data of reference
12 indicate that base pressure is affected by radius
ratio over the entire range, but that at high Rey-
nolds numbers comparable to the present study the
effect at small values of radius ratio is not large.
Since this concept of & minimum wake size is a
useful one, it was employed in the present analysis.

For the data of figure 7 the minimum wake
radius ratio was between 0.4 and 0.5. Minimum
wake sizes measured from shadowgraph photos of
free-flight bodies are presented in reference 3 over
a range of freecstream Mach number; these data
indicate a minimum radius ratio of 0.55 for the
Mach number of the present study and hence are
in fair agreement with figure 7. The theoretical
calculations show a minimum radius ratio of about
0.55 for a plane trailing shock and a minimum of
about 0.2 for a conical shock, thus bracketing the
experimental results.

The pressure distribution on a cylindrical test
body with a radius ratio less than the minimum
wake size is shown in figure 8(d). If the physical
radius ratio of 0.25 1s used in the theoretical calcu-
lation of pressure distribution, the results do not
agree with the data, as shown in the figure. I the
minimum wake radius ratio of 0.5 is used as the
effective test-body size, the results are in much
betlter agreement and hence should be used.

The magnitudes and locations of the experi-
mental and theoretical pressure rises on the cylin-
drical test bodies are summarized in figure 9.

H66131— 61 —3

Figure 9(a) clearly shows the weakening of the
trailing shock from a plane to a conical strength
as the radius ratio deereased from 0.875 to 0.5.
It is not apparent how to predict the strength of
this shock wave at intermediate values of radius
ratio, but as a first approximation it could be as-
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(a) Radius ratio, r/ R, 0.875.
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(b) Radius ratio, /R, 0.75.

Cylindrical-body pressure distribution.
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Ficure 8. Mach
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sumed to be constant at about 1.9 for the free-
strecam Mach number of 2. The variation of this
shock strength with stream Mach number was not
determined in this study. The location of the
start of the pressure rise is shown in figure 9(b).
Negleeting the effect of mixing and assuming that
the pressure rise began where the free streamline
intersected the test-body surface (a Prandtl-Meyer
expansion followed by three-dimensional nonmix-
ing flow) produced a theoretical location that was
well downstream of the experimental location, as
shown in the figure. However, by including the
effect of mixing, the theory was in fairly good
agreement with the data.

One thing that the theory did not do well was to
predict. the shape of the pressure-risc curve ae-
curately with large steps.  As shown in figure 8,
the experimental curve rose more sharply initially
and then leveled oflf more gradually.  TIn all cases
the experimental distance required to complete the
pressure rise was greater than theory. This
difference increased as radius ratio decreased.
Reasons for the diserepancy are that the theory
assumed a fully developed profile that may not
actually be achieved and also neglected local flow
effects along the test-body surface. Figures 8(c)
and (d) show that the pressure rise in the wake of
the struts was more gradual than in the normal
plane.

Conical test bodies.—Schlicren photographs of
the flow with the conical test bodies are presented
in figure 10.  As with the cylindrical test bodies,
the various regions of flow deseribed in the section
ANALYTICAL FLOW MODEL are apparent.
Again, all of the data were obtained so that the
test body extended upstream of the trailing-shock
pressure rise.

The experimental and theoretical effects of
radius ratio on base-pressure ratio are presented in
figure 11 for cone angles of 15° and 25°. The
theoretical caleulations are described in appendix
B.  As expected, the overall Ievel of base-pressure
ratio was higher with the larger cone angle. The
predicted range of base-pressure ratio unfortu-
nately was rather large, particularly with the large
cone angle at large values of radius ratio. All the
data fell within the predicted range. As with the
cylindrical-test-body data, there was a possibility
that inadvertent base bleed had occurred. A
change in cxperimental procedure that reduced
this possibility was made for a portion of the 25°-
cone data; and, as shown in the figure by the open
symbols, base-pressure ratio was reduced some-
what. The hase-pressure data with the 25° cone
showed the same trend as radius ratio was de-
creased as did the cylindrical data; thatis, the data
crossed over the predicted range from near the
plane-shock value toward the conical-shock value.
However, the 15°cone data did not show this
trend.,
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(a) Radius ratio, r/ R, 0.475; half cone angle, 7, 15°,
(b)Y Radins ratio, »/R, 0.31; half cone angle, 7, 15°,
(¢) Radius ratio, »/R, 0.125; half cone angle, r, 15°.

() Radius ratio, #/R, 0.715; hulf cone angle, 7, 25°,
(¢) Radius ratio, r/ R, 0.425; half cone angle, 7, 25°.
() Radius ratio, r/R, 0.122; half cone angle, r, 25°.

Ficure 10.—Schlieren photographs of flow with conical test bodies,  Mach number, 1.98.



20 TECHNICAL REPORT R—77—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

24

Cone 1;cmgle, f‘
A N
>l ——— Theory : LA
B H R Wit /r i
*Cdencle pos- | /1, //55
o “gg}slehgegfd | /jvff
o i B t WA
p L.
Qi B A A P N
S rept- f/ T / W //,,g,!‘;
W
/;//%75/ jf/ ;{4?//?2’/ m;j
& A A A A,
il e s

R I T e

s Jip L FPlon
LA LA TGV, ressare- A4
8 {!"/:_‘412/4‘//2%//44%/& Eo?isgur(?nge i
T ,T’_.d.__f.‘;ff:;gg/”’-!for T/o‘f/l5f’ i

yi

) 2 P G
Radius ratio, r/7

Figure 11.—IDffeet of conc geometry on base-pressure
ratio. Mach number, 1,98,

The experimental and theoretical  test-body
surface-pressure distributions appear m figure 12.
The theoretical caleulations are deseribed in detail
in appendix C' and again were made for the experi-
mental value of base-pressure ratio.  In all cases
the magnitude of the trailing-shock pressure rise
was somewhat greater than for a conical shock.
Differences between theoretical and experimental
pressure distribution were similar to those for the
cylindrical test bodies.

The magnitudes of the experimental and the-
oretical trailing-shock pressure rises and the loca-
tions of the start of the rises are summarized in
figure 13. For both cones the magnitude of the
experimental pressure rise was about 0.2 greater
than conicalshock theory (fig. 13(a)) regardless
of radius ratio. This fact appears to contradict
the trend shown in figure 11 for the 25° cone, where
experiment Is closer to plane-shock theory at high
radius ratios and closer to conical theory at lower
radius ratios. The reason for this diserepancy is
not apparent.  As shown in figure 13(b), the the-
oretical location of the start of the pressure rise
was scriously in error if the effect of mixing was
neglected (as deseribed for the eylindrical test
bodies); but if it was included, the agreement
between the data and theory was good, especially
with the 25° cone.

Effects of base bleed.—The possibility that
inadverient base bleed oceurred during the present
test has already been discussed. Experimental
and theoretical effeets of deliberate base bleed on
base-pressure ratio with the eylindrical test bodies
are shown in figure 14. Details of the theoretical
calculations appear in appendix D, Calculations
for both a plane and a conical trailing shock were
made at radius ratios of 0.875 and 0.75 (figs. 14(a)
and (b)), but for lower values of radius ratio only
a conical-shiock solution was possible.  For radius
ratios less than the minimum wake size (figs. 14{d)
and (e)), the theoretical calculations were made
assuming an effective radius ratio of 0.5 as was
done earlier for figure 8(d). The magnitude of
the experimental base-bleed ratio for values less
than 0.1 is questionable, because the method of
measuring the flow rate was less accurate at low
flow rates.  The minimum value of bleed flow was
obtained with the control valve c¢losed, and these
data points are those presented in figure 7. Thus,
ficure 14 indicates that some valve leakage oc-
curred for these data, but the flow rate is nol
accurately known.

The data of figure 14 indicate reasonably close
agreement with theory for bleed-flow ratios up to
about 0.3, but at higher flow rates the data were

B i
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Frerre 12.-- Continued.

less than theory. The resson for this inaccuracy
was that the theory neglected the effects of bleed-
flow exial momentum, which became increasingly
imporiant as flow rate increased. Reference 13
has shown that the effect of bleed momentum is
such as to decrease base-pressure ratio and thus
i1s in accord with the present results.  Tn figure
14 {¢) the bleed flow was varied over an extra-wide
range.  The resulting variations in base-pressure
ratio are similar to those described in reference
14 for a two-dimensional configuration. No
attempt was made in the present study to com-
pute a theoretical curve for these moderate and
high bleed-flow rates as was done in reference 14,
but apparently it could be done.

The effect of base bleed on base-pressure ratio

Conical-body pressure distribution.

Mach number, 1.98.

with the conical test bodies is shown in figure 15.
For these data the largest value of radius ratio
that was investigated with cach cone was used.
The trends of the effect of base bleed were similar
to those for eylindrical test bodies, and the accu-
racy of base-bleed ratios at values less than 0.1 was
still questionable. Tt is apparent that the differ-
ence between theory and experiment inereased
more rapidly at high bleed flows than it did for
the eylindrical test bodies. At base-bleed ratios
fess than 0.15 all of the data fell within the pre-
dicted pressure-ratio ranges; however, the magni-
tude of the predicted pressure-ratio range became
quite large for the higher cone angle at low values
of base-bleed ratio, thus deereasing the usefulness
of the theoretical caleulations.
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SUMMARY OF RESULTS

A theoretical and experimental investigation
has been conducted of the pressure distribution on
the surface of a circular eylinder or a truncated
cone located within the base region of another
circular cylinder. A similar analysis of pressure
distribution was made for rearward-facing two-
dimensional steps, and theoretical results were
compared with experimental results of earlier
investigations. Effeets of base bleed were also
studied with the axisymmetric configurations.
The following results were obhtained:

1. The base-flow theory of references 1 and 2
was used successfully to caleulate the base pres-
sures of two-dimensional steps. By approximating

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

three-dimensional flow effects, the samie theory was
used to predict a range of base pressures for axisym-
metric configurations within which the experi-
mental results were expected to occur, The data
generally followed the trends predicted by the
theory, and deviations apparently eould be ex-
plained.

2. For two-dimensional steps the magnitude of
the pressure rise on the surface downstream of the
step could be predicted accurately. The location
of the start of the pressure rise and the shape of
the pressure-rise curve were closer (o theory with
zero than with nonzero step angles, and in all cases
the distance required to complete the pressure rise
was greater than theory.

3. For axisymmetric configurations with eylin-
drical test bodies, the magnitude of the pressure
rise on the test-body surface was nearly constant
at about 1.9 for radius ratios less than 0.875. At a
radius ratio of 0.875 this pressure rise corresponded
to that of a planc trailing shock, and at a radius
ratio of 0.5 it corresponded to that for a conical
shock.  With conical test bodies the pressure rise
was about 0.2 greater than that for a conical trail-
ing shock regardless of radius ratio. Tn all cases
the start of the pressure rise was slightly upstream
of theory, and the distance required to complete
the pressure rise was greater than theory. The
shape of the pressure-rise curve differed more from
theory at low values of radius ratio than at high
values, and in all cases leveled off more gradually
than theory.

4. The effects of base bleed on base-pressure
ratio for the axisymmetric configurations could be
predicted with fair aceuracy at bleed-flow ratios
less than 0.3 for cylindrical test bodies and less
than 0.15 for conical test bodies. A more refined
analysis would be required at high bleed flows.
Lewis Researcn CENTER

NATIONAL AERONATUTICS AND SrarEe ADMINISTRATION

CLEVELAND, Onto, Warch 31, 1960
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Frerre 13.—Summary of location and magnitude of pressure rise on conical test bodies.
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FLOW IN THE BASE REGION OF AXISYMMETRIC AND TWO-DIMENSIONAL CONFIGURATIONS
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APPENDIX A

SYMBOLS

area

base-bleed ratio, equal to ratio of bleed-
flow rate to flow rate of frec-stream air
through base area of step

Crocco number, 1/42¢,T

specifie heat at constant pressure

diameter of basic body

height of two-dimensional step

7
%Z—f (tabulated in ref. 8)
— (%
Vulv

length of basic body from nose to base

Mach number

mass-flow rate

total pressure

static pressure

radius of basic body

gas constant

Reynolds number

radius of test body at base of basic body

distance along free streamline from step
edge to intersection of free streamline and
surface downstream of step

totul temperature

static temperature

velocity external to mixing zone

loeal velocity within mixing zone

horizontal distance from base of basic body

radial distance from surface of basic body

angular loeation on surfuce of test body
measured from top, deg

ratio of specific heats

28

boundary-layer thickness
position parameter (oy/r in refs. 1, 4, and

i
8; y\*‘Um/vw.T- in rel. 5)

8 angularity of flow direction with respect to
horizontal, deg

v kinematic viscosity

similarity parameter of refs. 1, 4, and 8

T angularity of test-body surface with respect
to horizontal, deg ~

¢ velocity ratio (ufug in refs. 1, 4, and §;
w/U in ref. 5)

Subseripts:

a outside of mixing or boundary-layer regions

b base region

j jet boundary streamline in mixing region
defined as that for which mass flow
external to it is equal to mass flow over
basic body upstream of base

L laminar

{ local conditions

8 limiting streamline in mixing region defined
as that for which mass flow between it
and jet boundary streamline is equal to
base-bleed {low

T turbulent

w conditions at surfuce of test body

0,0 free stream

1 upstream of step edge

2 between waves emanating from step edge
and trailing shock

3 downstream of trailing shock wave

Superseript:

%

sonic



APPENDIX B

CALCULATION OF BASE-PRESSURE RATIO WITHOUT BASE BLEED

The steps needed for the solution of base-
pressure tatio for a given model geometry were as
follows:

(1) The flow in region 1 (sce fig. 1) was assumed
to be uniform with zero flow angularity and with
the Mach number external to the boundary layer.

(2) The base-pressure ratio was determined by
trial and error. Therefore, a value of p,/py was
assumed.

(3) For axisymmetric configurations the non-
mixing flow properties along the free streamline
in region 2 are presented in reference 5. These
results were used to determine the flow properties
at the interscction of the free streamline and the
test-body surfuce.  (In many cases it was neces-
sary 1o extrupolate the curves of ref. 5 to higher
values of 2/d to obtain the desired information.)
The Mach number A, , external to the mixing
zone and the flow direction 8, of all the flow in
region 2 approaching the trailing shock were
assumed to be uniformly equal to those of the
free streamline at the intersection. For two-
dimensional configurations the flow properties in
region 2 were obtained from a simple Prandti-
Meyer expansion to the assumed base pressure.

(4) The axisymmetric solution was continued
from this point for two different cases: In one
case the trailing shock was assumed to be a plane
wave that occurred at the approach Mach number
M, . and produced a flow deflection Ag=6;—0,,
where #; was the angle of the test-body surlace,
In the other case the trailing shock was assumed
to be a conieal wave that oceurred also at the
approach  Mach number 3, and the hall-
angle of the hypothetical cone that produced this
shock wave was A8=0;—0,. The pressure rise
ps/p. of the trailing shock was then determined
for each cuse.  For the plane shock this ealculation

was straightforward, and for the conical shock p,
was assumed to correspond to the cone surface
pressure. The two-dimensional calculation was
similar with the exception that the trailing shock
was known to be a plane wave.

(5) The next step was to determine the velocity
ratio ¢ of the limiting streamline resulting from
the mixing process. Since base bleed is not
considered here, this velocity ratio would be equal
to that of the jet boundary streamline ¢, This
parameter is presented in reference 8 for turbulent
mixing and in reference 5 for laminar mixing. (In
the nomenclature of ref. 5, g;=u/U evaluated at
(’!]/\‘E)'\‘T?m/vmzo.)

(6) The limiting streamline was assumed {o
stagnate isentropically at the test-body surface,
producing a pressure tise (P/p); that depended
upon the Mach number along this streamline.
This pressure rise was determined as follows:

. 2 (F
(a) Compute C;=¢,("; . knowing ‘”2:;:_1 T—c?

y
Ay (ot 2)2’:
(b) Compul« (;)1—-(11»7 M3

(7) Tf the correct p,/pe was assumed in step (2),
then (P/p); from step (6)(b) would be equal to
the pressure rise ps/p, of step (4). If not, a
different value for p,/pe was assumed, and the
caleulation  was repeated until  equality  was
obtained. Beeause two different types of trailing-
shock waves were assunied for axisymmetric
configurations (a plane and a conical wave),
there would be two different values of py/p, and
hence of pu/py also.  These two values of base-
pressure ratio then served as a prediction of the
range within which the data would be expected
to be loecated.
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APPENDIX C

CALCULATION OF PRESSURE DISTRIBUTION IN REGION OF TRAILING SHOCK

The solution of pressure distribution for a given
model geometry required the following steps:

(1) The flow properties in region 1 were assumed
uniform as in step (1) of appendix B,

(2) The calculation was made for a given value
of base-pressure ratio.  In the present analysis the
experimental value was chosen rather than the
theoretical value.

(3) The flow properties in region 2 were deter-
mined in the same manner as in step (3) of ap-
pendix B.

(4) Assumptions regarding the nature of the
trailing shock and the calculation of its pressure
rise pa/p, were identical to those of step (4) of
appendix B.

(5) The next step was to superimpose upon the
flow in region 2 the fully developed isoencergetic
mixing-velocity profiles of reference S for turbu-
lent mixing and of reference 5 for laminar mixing.
It was assumied that the jet boundary streamline
of the mixing proiile coincided in position and
direetion with the free streamline as determined
in step (3).

(6) Tt was assumed that the pressure-rise distri-
bution resulted from the isentropic stagnation of
the streamlines in the mixing zone at their inter-
section with the surfuce downstream of the step.
It was further assumed that this pressure-rise curve
terminated upon reaching the trailing-shock pres-
sure risc pi/p, of step (4). The steps needed to
accomplish this portion of the solution were as
follows:

(a) The veloeity ratio ¢ was determined as a
function of the position parameter # for turbulent
mixing from reference S and for Jaminar mixing
from reference 5.

(b) For a given ¢ the corresponding M was
determined from the relations C=¢ ; , and M?

2 (7
= iToc*
(¢) Then the corresponding P/p was determined

80

P 1L\
using;:(l—f—% ey Hence, the pressure

ratio p./py=P/p was known as a Tunction of 7.

(d) The position on the surface downstream of
the step that corresponded to any given value of g
wias then determined.  Knowing this relation, the
pressure ratio corresponding to any position on
the surface was known. The following relations
bets een g and surface position can be derived from
geomelrical consideratiors.  For two-dinensional
configuratiors with turbulent mixing,

T 005,
Z_ cos f; cos 8,

I sin (6,—0,)

n,—n

A
tan (03—01)

Sin2 (0;* 62) 1 +

For two-dimensional configurations with laninar
mixing,

n;— n) , n,—n
ST cos 0
. A'z,u kQ,a

I cos 0y cos 0,
A tan (6;—6)

T sin (8,—86,)

VBosin (8,—86,)

;71 3

k) o 4 cos 6,y
+ - - . °
\ Vi tan (6,—8,) s (8;—0,)

For axisymmetrie configurations with turbulent
mixing,

()G

sin (0;— 8,01 1+

177 oos 8,

n;i—
g

tan (6,—0,)

where (r/d), was the axial-distance ratio from the
base to the intersection of the free streamline and
the test-body surface. TIn all equations the alge-
braic sign of 6, was positive for p,/p,>1 and nega- -
tive for p,/pe<{1.



APPENDIX D

CALCULATION OF BASE-PRESSURE RATIO OF AXISYMMETRIC CONFIGURATIONS WITH BASE BLEED

For a given model geometry and base-bleed flow
rate, the base-pressure ratio was caleulated by the
following steps:

(1) The bleed air was assumed to be at the same
total temperature as the free-stream air and to
enter the base region with negligible axial momen-
tum. The base-bleed flow ratio was calculated
from (for derivation see ref. 1)

*’mb\‘_ﬁ /E
e \ v

(2) As in appendix B, a trial-and-error solution
for base-pressure ratio was required.  Therefore,
a value for the ratio was assumed.

(3) The flow properties in region 2 were deter-
mined in the same manner as in step (3) of
appendix B.

(4) Assumptions regarding the nature of the
trailing shock and the calculation of its pressure
rise py/p; were identical to those of step (4) in
appendix B.

(5) The equation for base-bleed ratio, which for
turbulent mixing can be writien as

B

B2 )-»_,(1*_‘,-; (1 (o) = 1 (Coiin] i
Ayl

(), (o), ™

T a ’Z,a

was solved for I.((:q5m,), where (T/Dy,, and
(;1/;1*)3,2,0 are the isentropic flow parameters
evaluated at A/, ,; A, is the base area in the plane
of the base; and 7, is an integral of flow properties
in the mixing zone that is tubulated in reference 8
as a funetion of . From these tables the value of
L(Cy om;) to be used in the preceding equation
was found, as was the position parameter of the
limiting streamline #;, corresponding to the cal-
culated value of I,(Cy 45m,)-

(6) The remaining calculations were:

(a) Determine the ¢, that corresponded to 7
from reference 8.

(b) Compute Cy=p,( " ..

: T
(c) Computv(B) _:(1_*_7_‘—1)[3 = IE(P/p)s
LY NP 2

was not equal to py/p, of step (4), a different
value of p,/p, was assumed in step (2), and the
caleulation  was repeated until equality  was
obtained. The two values of p,/pe thus ebtained
(one corresponding to a plane and the other to a
conical trailing shock) then served to prediet a
range for the experimental data.
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